Introduction
Major lipoprotein components beside free cholesterol, cholesteryl esters and triglycerides are phospholipids, particularly phosphatidylcholine (PC) and sphingomyelin (SM). These lipid classes are not only important structural components, but also modulate the function of lipoproteins including their metabolism or activity of related enzymes. Moreover, PC and SM serve as precursors for a variety of regulatory molecules including lysophosphatidylcholine (LPC) (1;2) and ceramide (CER) (3) . The lecithin-cholesterol acyltransferase (LCAT) reaction in reconstituted HDL is inhibited by SM addition (4;5) and CER has the ability to alter the substrate specificity of LCAT and favors the synthesis of unsaturated cholesteryl esters (CE) at the expense of saturated esters (5) . An increased SM to PC ratio enhances the susceptibility of low density lipoproteins (LDL) to secretory sphingomyelinase, which leads to CER generation and the formation of aggregated LDL exhibiting a high atherogenic potential (6) . In contrast the antiatherogenic potential of HDL, i.e. the cholesterol uptake capacity may be enhanced by an enrichment of PC and SM (7) . Additionally, there is a relationship between HDL mediated cellular cholesterol efflux, phospholipid acyl chain length and degree of unsaturation (8) . Recently, LPC plasma levels were discussed as a biomarker in ovarian (9) and colorectal (10) cancer as well as sepsis (11) . A disease specific species pattern was also observed for CER (11) in sepsis patients. Taken together, lipid class composition as well as the species pattern of lipoprotein fractions may be important for lipoprotein function and may be altered in various disorders.
To gain insight into lipid class and species composition of lipoproteins, fractionation is required prior to analysis. Classical lipoprotein isolation techniques by ultracentrifugation (12) or preparative free-solution isotachophoresis (13) are too tedious for large studies and may alter the composition of lipoproteins (14;15) . In contrast, fast performance liquid chromatography (FPLC) offers rapid and reproducible separation of lipoproteins by size (16) . This technique has been proven to be reproducible and reliable for cholesterol determination in lipoproteins and does not affect lipoprotein composition (17;18) .
In order to generate a comprehensive lipid pattern including species information from a small amount of serum, we analyzed FPLC-fractions using well established methods for quantitative lipid analysis based on electrospray ionization tandem mass spectrometry (ESI-MS/MS) (19) (20) (21) (22) . Application of this sensitive and fast technique provides detailed cholesterol, glycerophospholipid and sphingolipid composition of the separated lipoprotein fractions and may help to identify novel biomarkers in disorders of lipid and lipoprotein metabolism.
Materials and methods

Reagents
Methanol (HPLC grade) and chloroform (freshly purchased, analytical grade, stabilized with 0.6 -1.0 % ethanol) were purchased from Merck (Darmstadt, Germany). Lipid standards for quantitative lipid mass spectrometry were obtained from Avanti Polar Lipids (Alabaster, AL, USA) and Sigma (Deisenhofen, Germany) with purities higher than 99% as described previously (19) (20) (21) (22) . Ammonium acetate and acetyl chloride of the highest analytical grade available were purchased from Fluka (Buchs, Switzerland).
Characteristics of blood donors
Lipoprotein fractions were prepared from 21 healthy blood donors (Caucasians, ten female, eleven male with mean age of 28 ± 6). All donors underwent a complete physical examination and laboratory medicine screening to exclude diseases especially related to infectious causes. Donors did not take any medication within two weeks before blood drawing. We got an informed consent of all donors in written form. Serum lipoprotein levels analyzed by routine diagnostic assays were as follows: 
Lipoprotein separation by fast performance liquid chromatography (FPLC)
VLDL, LDL and HDL were isolated from serum of 21 healthy and overnight fasting human blood donors as previously described (18) . In brief, a Pharmacia Smart System® FPLC equipped with a Superose 6 PC 3.2/30 column (GE Healthcare Europe GmbH, Munich, Germany) was used with Dulcobecco's PBS containing 1mM EDTA as a running buffer. After loading 50μl serum the system was run with a constant flow of 40μl/min and fractionation was started after 18min with 80μl per fraction. Fractions 1-20 containing the human serum lipoproteins were used for further analysis on a Cobas Integra 400 (Roche Diagnostic, Penzberg, Germany) to determine cholesterol and triglyceride levels of each fraction and for mass spectrometric analysis as described below. The cholesterol and triglyceride determination assays are standard enzymatic, colorimetric methods, which are also used in routine diagnostics. glycine buffer. PAGE-gels were scanned on a Typhoon fluorescence scanner (GE healthcare, Freiburg, Germany) with an excitation of 488nm and emission of 520nm to detect the fluorescence dye bound to the human serum lipoproteins.
Nondenaturing Polyacrylamid Gel Electrophoresis (PAGE)
Denaturing SDS-Polyacrylamid Gel Electrophoresis (PAGE)
5µl of each FPLC fraction were mixed with 15µl NuPAGE LDS sample buffer (Invitrogen, Karlsruhe, Germany) and incubated for 10min at 70°C in the presence of (Darmstadt, Germany) and secondary peroxidase conjugated anti-rabbit antibody from Jackson Immuno Research (Hamburg, Germany).
Lipid mass spectrometry
FPLC fractions were extracted according to the method by Bligh and Dyer (24) Lipid species were quantified by electrospray ionization tandem mass spectrometry (ESI-MS/MS) using methods validated and described previously (19) (20) (21) (22) . In brief, 
and lysophosphatidylcholine (LPC) (20) . A neutral loss scan of m/z 141 was used for phosphatidylethanolamine (PE) (25) and PE-based plasmalogens were analyzed according to the principles described by Zemski-Berry (26) . In brief, fragment ions of m/z 364, 380 and 382 were used for PE p16:0, p18:1 and p18:0 species, respectively. Ceramide was analyzed similar to a previously described methodology (19) using N-heptadecanoyl-sphingosine as internal standard. Free cholesterol (FC) and cholesteryl ester species (CE) were determined after selective acetylation of FC (22) .
Quantification was achieved by calibration lines generated by addition of naturally occurring lipid species (19) (20) (21) (22) independent from the length of the ether linked alkyl chain using PE p16:0/20:4.
Correction of isotopic overlap of lipid species as well as data analysis was preformed by self programmed Excel macros for all lipid classes according to the principles described previously (21) .
Statistical Analysis for mass spectrometry results
Statistical analysis was performed with SPSS © (SPSS Inc., Chicago, IL, USA). We used a Wilcoxon signed-rank test as a non-parametric alternative to a paired Student's t-test (n=21 donors).
Results
Validation of the lipoprotein separation
We prepared 20 fractions from 50μl serum of a healthy blood donor by FPLC-size exclusion chromatography similar to the method of Innis-Whitehouse et al. (18) . In order to check whether the major lipoprotein classes were properly separated, total cholesterol and triglyceride concentrations were analyzed by routine clinical chemistry assays ( including their fatty acid species by previously published tandem mass spectrometric assays (19) (20) (21) (22) . As expected most of these lipids revealed a distribution representing the three main lipoprotein classes (Fig. 1B) .
However, 60% of total LPC were found in fractions 14-17 ( Fig. 1B) . Since it is known that LPC can bind to albumin (28) this fraction shift may represent LPC bound albumin. To identify the albumin containing fractions, FPLC fractions were analyzed by non-denaturing PAGE and SDS-PAGE. Corresponding to the main LPC fractions 14 to 17, we found a protein band at a MW of 66kD identified as albumin (Fig. 3C ).
Another question was, whether other lipids than LPC co-elute with albumin containing fractions. Therefore, we subjected a HDL deficient serum of a Tangier patient (29;30) to our method. Consistent with the HDL deficiency, fractions 13 to 17 contained only traces of PC, SM, CER, PE, PE-pl and cholesterol, but more than 50% of LPC ( Fig.   1C ). In summary, we could show a clear overlap of albumin and LPC containing fractions which is in accordance with previous studies (28;31). Additionally, we could conclude from the analysis of HDL deficient serum that only LPC but none of the other lipid classes analyzed co-elutes significantly with albumin containing fractions.
We also tested whether the applied FPLC separation had the ability to separate lipoprotein subclasses. For that purpose, we subjected LDL and HDL containing fractions of a human serum sample to non-denaturing polyacrylamide gel electrophoresis to identify the actual size of the lipoproteins, as shown before (32) .
Prior to PAGE we stained the lipoproteins with NBD-ceramide (23) . In accordance with the principle of FPLC separation, a difference in particle size between fractions was observed for LDL ( Fig. 2) and HDL (Fig. 3A, B) . Although, no clear separation of these LDL subfractions was observed, fraction 8 contained an increased content of large LDL particles (Fig.2 , band a) and fraction 10 an increased content of small dense LDL (Fig.2, band b) . In contrast to LDL, HDL showed a continuous size gradient (Fig. 3A) .
These size gradients could be very useful especially for the analysis of abnormal lipoprotein compositions. Since we could not separate defined lipoprotein subclasses, we decided to determine in a first step a detailed lipid species pattern of the major lipoprotein classes VLDL (fractions 3 to 6), LDL (fractions 7 to 11) and HDL (fractions 12 to 17) by fraction pooling. A prerequisite for fraction pooling is a reproducible lipoprotein fractionation. For that reason, we separated serum of a healthy donor in three independent runs. Analysis of the total cholesterol concentration (TC) showed very low variation between the runs (Suppl. Fig. 1 ).
Although these data indicate a reproducible separation and fraction pooling, TC profiles were measured for another ten runs and afterwards in every third run to control the FPLC separation of lipoprotein classes. No shift in the lipoprotein separation has been observed (data not shown).
Validation of mass spectrometric analysis
To show, that the previously validated assays (19) (20) (21) (22) Fig. 8-10 ). In summary, these data clearly indicate that the previously validated methods are also applicable for lipoprotein fractions.
Furthermore, the use of two internal standards for each lipid class permits a quality control for each sample. As internal standards were added in a constant ratio, an abnormal internal standard ratio may indicate a disturbed species response (see also suppl. Tab. 4).
Glycerophospholipid and sphingolipid class distribution across lipoprotein classes
We analyzed the pooled lipoprotein fractions of twenty-one fasting healthy blood donors. First, we calculated the distribution of the lipid classes across the main lipoprotein classes (Tab. 1). As expected, about 60% of PC and 40% of SM were found in HDL, whereas LDL carried 50% of lipoprotein SM and 60% of CER, respectively. Moreover, the HDL fraction contained 60% of PE and PE-pl. As shown above this FPLC separation does not provide a complete separation of albumin and HDL, therefore albumin-bound LPC was included into the HDL fraction. Whereas LDL and HDL revealed low variations in their lipid class percentages between the different donors, VLDL displayed high variations most probably due to its low concentration and dependency of the fasting status of the blood donor.
Lipid composition of lipoprotein classes
To evaluate the glycerophospho-and sphingolipid composition in more detail, we determined the lipid composition of each lipoprotein class either including FC and CE (Fig. 4A ) or without cholesterol (Fig. 4B) . LDL revealed the highest CE content with about 55%, whereas VLDL and HDL had a 20% lower CE fraction. Overall, HDL
showed a phospholipid to cholesterol ratio of 1.09 which was significantly higher than in VLDL (0.64) and LDL (0.35) (p<0.001). In relation to the sum of all analyzed glycerophospholipids and sphingolipids, PC was by far the most abundant lipid class ranging from 65 to 74% (Fig. 4B ). Compared to VLDL (14%) and HDL (10%), LDL displayed a high content of SM (25%) (p<0.001). Moreover, LDL and VLDL (both about 0.6%) had a more than five fold higher content of CER than HDL (0.1%) (p<0.001). PE and PE-pl had almost equal amounts within one lipoprotein class, but an about three times higher content was observed in VLDL (3%) compared to LDL (1%) and HDL (1%) (p<0.001). Due to a significant contribution of albumin-bound LPC to the HDL fractions, lipid class composition was additionally calculated without LPC (suppl. Fig. 2 ).
Lipid species pattern of lipoprotein classes
Biological function of lipoproteins may not only be related to lipid class composition, but also to their lipid molecular species pattern. Therefore, we calculated the The proportion of the major PC species did not show a huge variation between the lipoprotein classes (Fig. 5A, suppl. Fig. 4) . Comparison of LDL and HDL revealed a systematic difference between highly unsaturated (three and more double bonds) and mono-/diunsaturated PC species. Thus, HDL exhibited a higher proportion of polyunsaturated species (35 ± 3% vs. 28 ± 4%, p<0.001) and lower fraction of mono-/diunsaturated PC species (54 ± 4% vs. 58 ± 4%, p<0.001) compared to LDL. This difference was most remarkable for PC 36:4 with 11.1 ± 1.2% and 8.5 ± 1.5% for HDL and LDL, respectively (p<0.001).
In contrast to PC, LPC showed a pronounced lipoprotein specific lipid species pattern (Fig. 5A, suppl. Fig. 5 ). Remarkable differences were found in saturated LPC 16:0 (VLDL 45 ± 6%; LDL 51 ± 6%; HDL/albumin 59 ± 5%; p<0.001), LPC 18:0 (VLDL 32 ± 6%, LDL 32 ± 7%, HDL/albumin 17 ± 2%; p<0.001, difference VLDL and LDL not significant) and unsaturated LPC 18:2 (VLDL 7.4 ± 3%, LDL 5.0 ± 2 %; HDL/albumin 11.4 ± 3%; p<0.001).
The major SM species (Fig. 5B , suppl. The CER species pattern (Fig. 5B ) was similar for VLDL and LDL, whereas HDL differed significantly. Thus, the percentage of CER 16:0 was almost doubled (VLDL 7.4 ± 2.0%; LDL 8.4 ± 2.0 %; HDL 15 ± 2%, p<0.001) and the proportion of CER 24:0 was found more than 10% reduced (VLDL 43 ± 4%; LDL 46 ± 3%; HDL 31 ± 2%; p<0.001) in HDL compared to VLDL and LDL, respectively.
PE and PE-pl revealed a relative high variation between the blood donors (Fig. 5C, suppl. Fig. 6 ). Interestingly, HDL contained a higher fraction of PE-pl containing 20:4
with 40% compared to 33% and 27% for VLDL and LDL, respectively (p<0.001). This was accompanied by a reduced proportion of PE-pl containing 18:1 and 18:2 (VLDL 24%, LDL 27%, HDL 27%; difference VLDL to HDL and LDL significant, p<0.001).
Analysis of CE species pattern showed no major differences between lipoprotein fractions (Suppl. Fig. 3 and 7 ).
In summary, we could demonstrate that the main lipoprotein fractions VLDL, LDL and HDL are characterized by specific lipid class and lipid species pattern. We could show that lipoprotein separation by FPLC was reproducible to allow pooling of VLDL, LDL and HDL as a necessary step to reduce mass spectrometric analysis time. Analysis of HDL deficient serum revealed, that beside LPC (28;31) none of the other analyzed lipid classes bind to albumin substantially (Fig. 1C) . However, data interpretation should keep in mind that albumin-bound LPC, but none of the other analyzed lipids, overlaps with HDL fractions prepared by FPLC (Fig. 3) . Similarly, other lipoprotein separation techniques like density gradient centrifugation may suffer from albumin contamination in HDL, as shown in a recent study by Yee et al. (34) using an iodoxanol gradient. differences to other studies may be related to diet, which has a pronounced effect on PC species profiles (39) . In general, we observed a good agreement of previous studies with data generated by FPLC fractionation and ESI-MS/MS, which strongly supports the validity of the presented method for lipid class and species analysis of lipoproteins.
Discussion
One novel finding is that LDL is the main carrier of CER in fasting condition (Tab. 1).
Another study by Lightle et al. (40) using ultracentrifugation followed by a TLC/HPLC reported a high contribution of VLDL to total plasma CER level. However, it is not mentioned, whether fasting or non-fasting blood donors were investigated. Therefore, we analyzed two blood donors under non-fasting conditions with higher VLDL concentrations (40mg/dl cholesterol) and calculated the CER distribution across the lipoprotein classes like described in Tab www.jlr.org
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